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于此，在国家高技术研究发展计划（863 计划）的支持下，论文以海水 pH 分光





（n=114，海上测定）。在 15 天的走航测试中，测定系统共获得 pH 数据 1874 个，
所反映的 pH 变化趋势与走航 CTD 上的玻璃电极的测定结果基本一致。 
2) 在海水 pH 的船载式测定系统的基础上，研制了海水 pH 的原位传感器，并
在实验室、水池、厦门西港和海南三亚珊瑚礁海域对其进行了性能测试。实验室





3) 本研究通过对流路、流通池和光电检测系统等方面的改进，提高了 pH 测定
系统及传感器的性能。归纳如下：采用环流分析技术，使指示剂和样品的混合比
保持恒定，保证了很高的 pH 测定精密度（±0.0008）；采用自制光电检测系统（由





































 pH is an important parameter of the marine carbonate system, and it is also the 
direct evidence of ocean acidification. It is important to monitor the seawater pH 
continuously and precisely for the research of global carbon cycle and ocean 
acidification.  
Spectrophotometric method has become the standard procedure of seawater pH 
measurement in researches of oceanography and marine carbon cycle due to its high 
accuracy, high precision and calibration free. Some works on the development of 
shipboard, underway and in situ spectrophotometric pH measurement systems and 
sensors have been undertaken. However, there were still a few limitations so that they 
couldn’t fully meet the requirement of researches for marine carbon cycle, ocean 
acidification and global climate change. Therefore, supported by the National High 
Technology Research and Development Program (863 Program) of China, a 
shipboard seawater pH measurement system and an in situ pH sensor based on 
spectrophotometric pH measurement and loop flow analysis (LFA) technique were 
developed and tested in this study. The obtained results are as follows:  
1) A laboratory-made spectrophotometric system with LED light source and 
photodiode detector was used to develop a shipboard spectrophotometric pH 
measurement system based on LFA technique. The lab and shipboard tests of the 
system were carried out. The results showed that the shipboard system had an 
accuracy of 0.0008±0.0031 (n=14, lab test) and 0.0059±0.0189 (n=114, shipboard 
test). During the 15 d underway test, 1874 measurements were taken with the 
system, which showed the same pH profile with glass electrode on underway 
CTD.  
2) Based on the shipboard pH measurement system, an in situ pH sensor has been 
developed and tested in the lab, tank, Western Xiamen Bay and coral reef area off 
Sanya, Hainan. The sensor showed a precision of ±0.0008 (n=103, pH=7.52-8.26) 
in the lab test, and an accuracy of 0.0017±0.0051 (n=17, tank) and 0.0030± 
















researches. The sensor ran smoothly during the 15 d in situ test at coral reef area 
off Sanya in spite of the cold wave, tide and biofouling, which showed the high 
stability of the sensor. 
3) With the modifications of flow design, flow cell and spectrophotometric system, 
the measurement system and sensor developed in this study have overcome the 
defects and shortages of previous studies, which can be summarized as follows: 
The use of LFA flow design povided a stable mixing ratio of sample and indicator, 
which lead to high measurement precision (±0.0008). The spectrophotometric 
system with 3 LEDs of different wavelength as the light source and one 
photodiode as the detector was applied in this study, and the multiple wavelength 
detection was achieved by sequentially lighting the 3 LEDs. As a result, the use 
of this spectrophotometric system simplified the structure of measurement system, 
and lowered the power consumption of the in situ pH sensor to less than 4 W, 
which made the sensor suitable for long term in situ monitoring. The use of novel 
cross-shaped flow cell avoided the bubble trapping and its adverse impact on 
spectrophotometric measurement. 
 
Key words: seawater pH; loop flow analysis; shipboard measurement system; in situ 
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第 1 章 绪 论 
1.1 研究背景 
1.1.1 海水碳酸盐体系简述 
海洋是一个巨大的碳酸盐缓冲体系，其中的反应和过程如图 1-1 所示。 
 
图 1-1 海水碳酸盐体系示意图[1] 





其中 g，aq，s 分别表示气态、水合态和固态。 
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pressure of CO2, pCO2）、总碱度（total alkalinity, TA）和溶解无机碳（dissolved 
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表 1-1 采用不同观测参数所导致的海水碳酸盐体系各参数计算的误差传递[3] 
Table 1-1 Error propagation of calculation for marine carbonate system due to the use 
of different parameters[3] 
观测参数 △pH △TA（μmol kg-1） △DIC（μmol kg-1） △pCO2（μatm） 
pH，DIC - ±2.7 - ±1.8 
pH，TA - - ±3.8 ±2.1 
pH，pCO2 - ±18 ±15 - 
TA，pCO2 ±0.002 - ±3.4 - 
DIC，pCO2 ±0.002 ±3.0 - - 
TA，DIC ±0.006 - - ±5.8 
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1) 海水的 pH 主要受控于碳酸盐体系，该体系中各组分的变化也将引起海水 pH
的变化。 
2) 海洋生物的光合作用和呼吸作用影响海水中 CO2 的浓度，通过研究碳酸盐体
系各参数的变化情况可以获得生物活动的相关信息。 
3) 海洋中碳酸钙沉淀与溶解的相关研究有赖于对碳酸盐体系的了解。 
4) 海洋是巨大的 CO2 储库，碳酸盐体系调控大气 CO2 浓度，进而影响地球的气
候。 
1.1.2 人类活动对海水碳酸盐体系的影响 
海洋是重要的碳储库，吸收了约 30%的人为来源 CO2，对缓冲大气 CO2 浓
度的升高具有重要作用[4, 5]。但海洋对 CO2 的吸收也影响着自身的碳酸盐缓冲体
系，海水 CO2 分压升高导致酸度增加，pH 降低，从而引起海洋酸化。自工业革
命以来，表层海水的 pH 已经下降了约 0.1[5]。基于现有数据的预测（假定人为排
放 CO2 的增长速度维持在当前水平）表明，到下世纪末，表层海水的 pH 还将下
降 0.2-0.3[6]。图 1-2 反映了过去 200 年（实测）及未来 100 年（预测）中大气
CO2 和海水 pH 的变化趋势。由图可见，预计到 2100 年，大气 CO2 分压将上升
到 700 ppm，海水 pH 将下降到 7.85。 
 
图 1-2 大气 CO2 和海水 pH 的变化趋势
[2] 
Fig. 1-2 The past and predicted change in atmospheric CO2 and seawater pH
[2] 
 


















1-3 显示了在不同 CO2 浓度下人工培养的球石藻的生长情况。图 a，b，d，e 为
Emiliania huxleyi，c，f 为 Gephyrocapsa oceanica，图 a-c 中 CO2 浓度约为 300 ppm







图 1-3 不同 CO2 浓度下的球石藻的扫描电镜图
[7] 
Fig. 1-3 Scanning electron microscopy (SEM) photographs of coccolithophorids 
under different CO2 concentrations
[7] 
 
1.2 pH 的定义及其研究意义  
1.2.1 pH 的定义 
1909 年丹麦生物化学家 Sosrensen 提出 pH 的概念并将其定义为氢离子活度
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IUPAC（International Union of Pure and Applied Chemistry）给出了基于 NBS
（National Bureau of Standards, 现名为 NIST: National Institute of Standard and 
Technology）标准缓冲溶液的操作定义[8]，即： 






其中，pH(X)和 pH(S)分别是样品和标准缓冲溶液的 pH，E(X)和 E(S)分别是
样品和标准缓冲溶液的电动势。 














比如表 1-2 所示。目前在海洋学研究中最常使用的是总氢离子标度。 
 
表 1-2 不同 pH 标度的对比 
Table 1-2 Comparison of different pH scales 
pH 标度 氢离子浓度定义 
NBS )H( ]H[ NBS
   
自由氢离子标度 ]H[]H[ F
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